The phase diagram (pressure versus temperature) of the pure fluid is typically envisioned as being featureless apart from the presence of the liquid-vapor coexistence curve terminating at the critical point. However, a number of recent authors have proposed that this simple picture misses important features, such as the Widom line, the FisherWidom line, and the Frenkel line. In our paper we discuss another way of augmenting the pure fluid phase diagram, lines of zero thermodynamic curvature R = 0 separating regimes of fluid solid-like behavior (R > 0) from gas-like or liquid-like behavior (R < 0). We systematically evaluate R for the 121 pure fluids in the NIST/REFPROP (version 9.1) fluid database near the saturated vapor line from the triple point to the critical point. Our specific goal was to identify regions of positive R abutting the saturated vapor line ("feature D"). We found: a) 97/121 of the NIST/REFPROP fluids have feature D. b) The presence and character of feature D correlates with molecular complexity, taken to be the number of atoms Q per molecule. c) The solid-like properties of feature D might be attributable to a mesoscopic model based on correlations among coordinated spinning molecules, a model that might be testable with computer simulations. d) There are a number of correlations between thermodynamic quantities, including the acentric factor ω, but we found little explicit correlation between ω and the shape of a molecule. e) Feature D seriously constrains the size of the asymptotic fluid critical point regime, possibly resolving * Division of Natural Sciences, New College of Florida, 5800 Bay Shore Road, Sarasota, FL 34243, USA (ruppeiner@ncf.edu) 1 arXiv:1704.04325v1 [cond-mat.stat-mech] 14 Apr 2017 a long-standing mystery about why these are so small. f) Feature D correlates roughly with regimes of anomalous sound propagation.
Introduction
Fluid thermodynamic properties are readily measurable, and large data sets have been collected. Much of this data has been fit to convenient functional forms, typically for the molar Helmholtz free energy, and made available on comprehensive web sites. In our paper, we use the NIST Chemistry WebBook [1, 2] to compute the thermodynamic curvature R for a broad range of fluids in the general vicinity of the fluid critical point, though not in the asymptotic critical region. Of specific interest are anomalous regions of positive R in the dense vapor phase that we attribute to the formation of solid-like repulsive clusters.
Several previous studies of R were done along the liquid-vapor coexistence curve, and its extension into the supercritical region (the Widom line) [3, 4, 5] . More generally, R was calculated for the full fluid phase diagram for four fluids [6] , and for thermodynamic data collected from computer simulations of the Lennard-Jones fluid [7] . There was also an investigation of R in water near a conjectured second critical point in the metastable liquid phase [8] . The picture that emerged from these efforts is consistent and compelling. In our paper we add to this picture results obtained by looking at 121 pure fluids in the dense vapor phase.
We are certainly aware that fits to fluid data are not free from uncertainty since the filling of fluid regimes with data is incomplete and uneven. There are also regimes near the critical point that pose special experimental and theoretical difficulties. In addition, fit quality is generally tested against data only up to second-order derivatives of the Helmholtz free energy, short of the third-order derivatives present in the curvature R. Hence, specific results for any of our fluids might be challenged.
However, the large fluid data fitting project underlying NIST/REFPROP represents results likely to be stable against major near term changes. We thus view our present project as timely, and convey the hope that our "big data" effort over the totality of NIST/REFPROP, with no pause to examine the detailed goodness of fit for any particular fluid, transmits ideas that are essentially correct, and that point the way to further productive research.
Fluid properties result from the interactions among many molecules. Basic principles of intermolecular interactions is a topic that has seen considerable recent advances, particularly via quantum computational methods. But, the transition from the microscopic regime to the macroscopic thermodynamic regime poses great difficulties. Beyond rarefield gases, statistical mechanics [9, 10] offers only approximation schemes, and the solution to microscopic models specifically devised for ready solution. Of course, computer simulations provide powerful mimics of real systems, but even these can overlook fundamental insight.
Our paper further develops a relatively new approach to fluids, where instead of building up from the microscopic level, as in statistical mechanics, we build down from the macroscopic level to the mesoscopic level. The idea is to relate important mesoscopic patterns to readily measured thermodynamic properties. It has been argued that thermodynamic fluctuation theory, augmented by the logically necessary thermodynamic curvature R, offers the necessary link between the macroscopic and the mesoscopic.
The thermodynamic curvature R, always calculated at the macroscopic level, measures the size scale of mesoscopic fluctuations. Very near the critical point, |R| gives the diverging correlation length ξ: |R| ∝ ξ 3 [11, 12, 13] . Elsewhere, even at length scales as small as cubic nanometers, R gives the approximate volume of organized mesoscale structures. The sign of R is also significant: R is positive/negative for states where repulsive/attractive intermolecular interactions dominate.
Most of a fluid's temperature-pressure phase diagram corresponds to average molecular separation distances sufficiently large that the attractive part of the intermolecular interaction potential dominates. Thus, R in fluids is found to be mostly negative, diverging to negative infinity at the critical point. Fluid states with positive R are somewhat special, and typically occur at large densities, in solid-like states dominated by repulsive intermolecular interactions.
Of interest in our paper, however, are instances of positive fluid R in the general vicinity of the critical point. We found such features in the majority of the 121 fluids we examined. Our paper is a comprehensive look at phenomena spanning a range of fluids. Another recent large scale fluid tabulation has been the determination of the Grüneisen parameter for 28 fluids [14] .
Theory and background
In this section we give a theoretical background.
Thermodynamic geometry
Thermodynamics is typically defined in the thermodynamic limit in which we have a uniform system characterized by a few macroscopic parameters [15] . For the pure fluid, we have the internal energy U , the number of particles N , the volume V , and the entropy S. The fundamental thermodynamic equation sets U = U (S, N, V ). Define the temperature T = U ,S , the pressure p = −U ,V , and the chemical potential µ = U ,N , where the comma notation indicates partial differentiation.
Define the Helmholtz free energy A = U − T S, with this quantity per volume f = A/V . We may naturally write f = f (T, ρ), an expression which yields all of the thermodynamic properties [15] . Here, ρ = N/V is the particle density. We also have the entropy per volume s = S/V = −f ,T , and the chemical potential µ = f ,ρ . The energy per volume u = U/V = f + T s,
Consider some open subsystem A, with fixed volume V , of a very large environment A 0 . A 0 has a fixed thermodynamic state with temperature and density (T 0 , ρ 0 ). The thermodynamic state (T, ρ) of A fluctuates as particles and energy are randomly exchanged with its environment. As was first argued by Einstein in 1904, the probability density for finding the state of A in the small range (T, ρ) to (T + dT, ρ + dρ) is proportional to [9, 10] 
where S total is the entropy of A 0 when A is in the state with coordinates (T, ρ), and k B is Boltzmann's constant.
To write the probability density in Eq. (1) in familiar thermodynamic terms, expand S total to second order around its maximum corresponding to {T, ρ} = {T 0 , ρ 0 }. Standard methods [9, 10, 11] yield:
where the thermodynamic metric
with ∆T = T − T 0 , and ∆ρ = ρ − ρ 0 . The coefficients of ∆T 2 and ∆ρ 2 in Eq. (3) may be evaluated in either of the states (T 0 , ρ 0 ) or (T, ρ), since small fluctuations always have these states close together. Below, we evaluate these metric coefficients at (T, ρ).
The thermodynamic metric Eq. (3) induces a thermodynamic curvature R on the manifold of thermodynamic states [11, 12] :
where
and
There is substantial evidence [3, 4, 5, 6, 7, 8, 11, 12, 13, 16] that R is a thermodynamic measure of intermolecular interactions. It appears that |R| gives the characteristic size of organized mesoscopic fluctuations in fluid and magnetic systems. In the asymptotic critical region, this size is given by the correlation length ξ:
The sign of R also appears to be significant: R is positive/negative for systems in states dominated by repulsive/attractive intermolecular interactions. R for systems with no interactions between microscopic constituents, such as the pure ideal gas and the paramagnet, have R = 0. These general findings have been verified in a number of contexts.
1
Metric geometry in thermodynamics originated with Weinhold [18] , and was applied as well to finite-time thermodynamics; see [19] for a brief recent review. For a recent discussion of the use of thermodynamic curvature in quantum statistical mechanics; see [20] .
Extended features of the fluid state
A theme in our paper is the identification of curves separating regimes of attractive and repulsive intermolecular interactions. An early attempt to do this consists of the Fisher-Widom line marking the boundary between regimes of monotonic/oscillatory long-range decay of the pair correlation function G(r), corresponding to attractive/repulsive intermolecular interactions [21] . This correspondence was demonstrated explicitly by calculations on several continuum models.
Evans et al. [22] expanded on the Fisher-Widom argument, and Ruppeiner and Chance [23] discussed the Fisher-Widom line for the 1D Takahashi gas in the context of R. But a difficulty implementing this agenda with model calculations is that it requires a calculation of G(r), and this is difficult to do beyond a few models in one dimension. Perhaps modern computer simulation methods, for which a number of methods exist for calculating pair correlation functions, even for larger molecules, offer an update for this method. The Fisher-Widom line is shown schematically in Figure 1 .
Another fluid line receiving recent attention is the Widom line [24, 25, 26, 27, 28] , representing the smooth continuation of the liquid-vapor coexistence curve into the supercritical region. The Widom line is defined as the curve along which ξ has a maximum. Experimental evidence for an abrupt crossover of certain dynamical fluid properties from gas-like on the low-pressure side to liquid-like on the high-pressure side has been reported along the Widom line [25] .
Since it is difficult to compute ξ, the Widom line is usually determined using maxima in static thermodynamic response functions, such as the heat capacity. However, it was argued that, because of the proportionality Eq. (8), peaks in the readily calculated R offer a better measure of the Widom line than response functions [3, 5] . The Widom line is shown schematically in Figure 1 .
Yet another proposed addition to the fluid phase diagram is the Frenkel line, which is defined by the disappearance of solid-like oscillations in particle dynamics. The Frenkel line marks a dynamic transition between gas-like and liquid-like behavior, for which experimental evidence has been reported [29, 30] . The Frenkel line is shown schematically in Figure 1 .
Also yielding special curves in the dense fluid and solid states are Roskildesimple systems, in which the simplicity of the repulsive intermolecular interaction yields universal curves when expressed in terms of appropriately reduced thermodynamic variables [31] . This idea applies as well to real systems.
Mesoscopic structures in the fluid state
Useful for further discussions of fluids is a computer fluid composed of particles interacting via the Lennard-Jones (LJ) pair potential:
where r is the distance between two particles, and σ and are size and energy parameters. Figure 2 shows this LJ pair potential, which offers a good approximation of the potential in real fluids. The down pointing arrows denote: a) approximately where LJ computer simulations indicate R = 0 in the supercritical regime for a range of reasonable T 's [7] ; b) where the pair potential has its minimum; and c) where LJ computer simulations indicate the critical density [32] . For real fluids in the gaseous state, and with large intermolecular separation distance r, the attractive part of the intermolecular potential dominates, and R is negative. Attractive interactions also dominate near the critical point, at which R → −∞. In the condensed liquid or solid states, where the molecules are essentially touching each other, we typically find |R| 1/3 on the order of a molecular separation distance. As in the LJ fluid, the corresponding sign of R may be positive or negative, "solid-like" or "liquid-like," respectively. The former case typically has the larger densities, and has the molecules in the regime of repulsive interactions. More difficult to interpret physically are anomalous states of positive R in the vicinity of the critical point, with densities less than the condensed densities. We interpret such solid-like states in terms of fluctuating "repulsive clusters," shown schematically in Figure 3 , along with three other characteristic mesoscopic structures. Identifying repulsive cluster states in a broad range of dense vapors is the main point of our paper. One of us proposed [4] that the average repulsive cluster volume is given by R, but the only previous case reported of positive R in the dense vapor phase was in water [6] , with clusters identified in computer simulations [33] .
To form repulsive clusters requires a reasonably high density, else the molecular collision rate is too low to overcome the natural tendency for these clusters to break up. But we do not want the density so high as to be in the liquid or solid state, which are quite different. Our suggestion here is that conditions for repulsive clusters might hold in the dense vapor phase, as shown schematically in Fig. 4 , where this state is referred to as feature D.
To summarize, the repulsive cluster state differs substantially from the solid state, and from the solid-like liquid state. The latter two states have larger densities, and positive R values on the order of the volume of a molecule. In contrast, the repulsive cluster state corresponds to lower densities, characteristic more of a dense gas, and has R which may become much larger than the volume of a molecule.
Feature D and the BZT region
Feature D might relate to sound propagation anomalies in dense vapors near the liquid-vapor coexistence curve. The fluid sound velocity c is given by the isentropic compressibility [34] :
where ν and s denote the volume and entropy per mass, respectively. Anomalous sound propagation results from the dependence of c on ν, resulting in variable sound speed along the wave train. The result is a tendency to form shock waves, a tendency measured by the fundamental derivative of gas dynamics [35] :
For Γ < 0, there is the possibility of "nonclassical" rarefield shock waves in regions referred to as Bethe, Zel'dovich, and Thompson (BZT) regions, originally identified in the van der Waals model (vdW) in dense saturated vapors. Colonna and Guardone [35] correlated the BZT region in vdW with increasing molecular complexity, and with increasing constant volume molar specific heat capacity c ν . Their measure of molecular complexity was the number of classical degrees of freedom (translational, vibrational, and rotational):
where Q is the number of atoms per molecule, and = −2, 0, 1 for monatomic, linear polyatomic, and nonlinear polyatomic molecules, respectively. N avail only sets an upper limit for the number of degrees of freedom, which might not all be active at low temperatures. In our study, it turns out that Q is our best measure of complexity, so we essentially agree with the choice of complexity measure in [35] , since the Q term dominates in N avail . The BZT study was later extended to real gasses having parametrized fit equations of state [36] , and to a database of 1, 800 pure fluids represented by simple models [37] . The later study found 185 organic molecules having BZT regions, with most of the BZT molecules having 10 or more carbon atoms, more carbon atoms than most of the molecules considered here.
In terms of rough location and dependence on molecular complexity, the BZT region correlates at least qualitatively with feature D. An additional similarity is that Γ and R both contain up to three derivatives of the Helmholtz free energy. Perhaps, feature D and the BZT region have some common mesoscopic mechanism.
Measures of molecular complexity
The character of feature D correlates with molecular complexity, for which we considered three measures. The first is the molecular weight M W . For organic molecules, M W correlates roughly with molecular complexity, since, typically, a larger M W means more atoms per molecule. But M W could be misleading, since a simple molecule composed of heavy atoms might have a large M W , e.g., monatomic krypton has M W = 83.80 g/mol, and polyatomic cyclohexane has M W = 84.16 g/mol.
Our second complexity measure is the weight-independent number of atoms Q per molecule, determined by consulting PubChem [38] . With Q reasonably large, Q is essentially a measure equivalent to N avail in Eq. (12). Our third complexity measure is the Wiener index W i, which in chemical graph theory is a topological index of a molecule [39, 40] . W i is defined as the sum of the lengths of the shortest paths between all pairs of connected vertices in the chemical graph of the molecule.
2 Sometimes the hydrogen atoms are left out of this measure, but since they are included in both M W and Q, we will include them as well in our W i calculations.
Another microscopic measure of a molecule is its shape, which we classified according to its spatial molecular dimension d: 0, 1, 2, or 3. All our molecules were visually inspected in PubChem [38] , and assigned a value of d. In some cases, d was clear; for example, argon (d = 0), decane (d = 1), benzene (d = 2), and isobutane (d = 3). Spatial dimension was estimated visually for molecules with complex structural arrangements.
An attempt at a thermodynamic measure of d is the acentric factor ω defined as
where p sat is the saturated vapor pressure evaluated at T /T c = 0.7 [41] , and p c is the critical pressure. ω is intended as a measure of the non-sphericity of molecules, and it is defined so that monotonic atoms (d = 0) have ω near zero.
Corresponding states P max of maximum R
Identifying and characterizing the fluids with feature D is the major theme of our paper. But we may also make systematic comparisons between Dfluids (fluids with feature D), provided we identify corresponding reference states between the Dfluids. For each Dfluid, we picked the point P max having the maximum value R max of R in feature D. P max always seemed to lie on the saturated vapor curve itself, and all of our reported R max values were located there.
We might naively expect some form of common behavior between Dfluids at P max , even though it might be hard to specify what such behavior is without specific knowledge of the mesoscopic mechanism behind feature D. For selecting a reference state, an advantage of R over other thermodynamic functions is not just its direct connection to mesoscopic fluctuations, but the existence of a local maximum for R.
The alkanes, perfluoroalkanes, and repulsive clusters
Although R max allows for overall comparisons between all the 97 Dfluids, emerging relationships could be somewhat difficult to interpret physically because of substantial differences among the Dfluid molecules. Families of related molecules allow more focused comparisons. Our primary example consists of the linear alkanes. The linear alkanes start with methane CH 4 , and can be thought of as extended progressively by adding a carbon atom and two hydrogen atoms at a time; see Figure 5 . A similar sequence consists of the perfluoroalkanes, with fluorine atoms in place of the hydrogen atoms in the alkanes. The alkane Dfluids that we looked at were ethane [42] , propane [43] , butane [44] , pentane [45] , hexane [45] , heptane [45] , octane [45] , nonane [46] , decane [46] , undecane [47] , and dodecane [48] . The perfluoroalkane Dfluids that we looked at were hexafluoroethane (R116) [46] , octafluoropropane (R218) [46] , perfluorobutane [49] , and perfluoropentane [49] .
For the alkanes, we offer two possible mesoscopic pictures of what might constitute the "repulsive clusters" producing feature D. Picture A has an alkane molecule in isolation, in a situation with relatively large molecular volume v; see Figure 6A . Let c = 0.15 nm be the approximate carbon-carbon bond length, and let a be the approximate length of an alkane chain. By virtue of its thermal rotation, the isolated alkane molecule sweeps out a spherical volume
If there are n c-c bonds in the alkane chain, then we have a ∼ n × c, and since a scales up linearly with Q, we have
for Q not too small. Picture A thus has the repulsive clusters consisting of individual, widely spaced, molecules, with their constituent atoms repelling each other by the rules of quantum mechanics. However, if picture A is to be the correct physical interpretation for feature D, then we must have R max ∼ v m , as shown in Fig. 3d . But below we found R max v m for all of the alkanes, contrary to picture A, so picture A is not consistent with our data.
Picture B has the molecules more closely spaced, so that they have to rotate in tandem to avoid mutual repulsion, as shown in Fig. 6B . To organize such a gearing action requires molecular volume v ∼ v m , since if v m v the molecules are too close and tangled to rotate effectively, and if v m v the molecules are too far apart to interact significantly. We would expect R 1/3 to give the length of a coordinated geared chain, and we might expect R 1/3 to become quite large. Below, we found that for the alkane molecules, the conditions obtain for picture B: v ∼ v m and R max v m . Picture B might thus have physical validity.
Zwanzig has analyzed a network system of gears on a two-dimensional lattice [50] . Whether or not such a mechanism could readily reveal itself in computer simulations in fluids is unclear.
Results
In this section we present our results based on the study of the NIST/REFPROP database [1, 2] . NIST/REFPROP interpolates real fluid thermodynamic data with the most accurate equations of state, representing a combination of multiparameter fitting functions and simplified fluid models. Each fluid in the database is represented by its molar Helmholtz free energy as a function of (T, ρ), yielding all of the thermodynamic quantities, including R. The current edition (9.1) includes 121 pure fluids.
Search protocol and tabulation
For each of the 121 pure fluids in NIST/REFPROP, we searched for Dfluids by tabulating R versus T in the saturated vapor phase. Where possible, our search for positive R extended from the triple point to very near the critical point, yielding 97 Dfluids. For each Dfluid, we examined R on numerical grids abutting the saturated vapor phase. As best as we could tell, the maximum value R max in feature D was always located on the saturated vapor curve. We also found a few fluids with positive R in the saturated vapor phase near the triple point (e.g., neon). But near the triple point, the pressure and the vapor density are both typically very low, and obtaining high quality thermodynamic data can be difficult. Hence, we include no discussion of positive R near triple points.
The full tabulation of Dfluids is given in Table 1 (in Appendix 1). Table  2 (in Appendix 1) lists the 24 fluids lacking feature D. Since the presence of feature D was found to correlate with increasing molecular complexity, Table  2 contains mostly simple molecules. Figure 7 indicates the presence/absence of feature D as functions of our three measures of molecular complexity. Each measure shows a region of overlap between fluids with/without feature D. Since we have no firm theoretical basis for picking any particular complexity measure over another, we simply preferred measures which minimize the region of overlap in Fig. 7 . M W has 75/121 fluids in the region of overlap (a number inflated by the heavy outlier xenon), Q and W i both have 23/121 overlaps. Clearly the weight independent measures Q and W i produce the clearest separation between fluids with/without feature D. Figure 13 in Appendix 2 has the receiver operating characteristic (ROC) curves amplifying this point. Figure 8 shows W i as a function of Q for all of our fluids. The correlation between W i and Q is good, roughly a power law with slope 2.7340. As these complexity measures are equally valid, we feature the conceptually simpler Q. Table 4 in Appendix 2 has Spearman (ρ) and Pearson (r) correlation coefficients calculated for all our data sets. Figure 9a shows R max versus Q for the Dfluids. R max tends up with increasing Q, in rough accord with a power law: R max = 0.006999 nm 3 Q 2.947 . We indicate with symbol types the molecular dimension d. Visual inspection shows little correlation between R max and d, in line with expectations that R measures mesoscopic properties, and not microscopic ones. This point is amplified with statistical analysis in Appendix 2. The two circled outlier points at Q = 18, and well above the best-fit line, are o-xylene and p-xylene. Figure 9b shows R max as a function of ρ c for the Dfluids. R max decreases with increasing ρ c , with little visual dependence on d. The four circled outlier points above the best fit are o-xylene, p-xylene, methanol, and water.
Interpretation of collective results
Before we discuss feature D further, we display some additional relationships in Figure 10 . Fig. 10a shows the acentric factor ω for all the 121 fluids. Other than helium's ω = −0.385, the other four noble gasses in NIST/REFPROP have ω very small. Overall, ω clearly trends up with Q, so it does measure molecular complexity. However, other than the fact that larger Q's more readily allow more complicated molecular shapes, there is no particularly strong visual correlation in Fig. 10a between ω and d, perhaps surprising.
We graph as well the dimensionless
versus the molecular weight M W (where R is here the universal gas constant). According to the vdW law of corresponding states, we expect a universal value Z = 3/8 = 0.375 [10] . Fig. 10b shows that for all of our fluids the Z values fall between 0.22 − 0.31, a bit lower than the vdW value. But despite the wide variation in the critical point parameters, the combination of parameters in Z have values grouping together, emphasizing the power of a simple equation of state to model a wide range of fluids. Figures 10c and 10d show correlations among ρ c , p c , and Q. For example, the molar density ρ c decreases with increasing Q because larger molecules occupy more space at the critical point. 
Alkane and perfluoroalkane results
In this subsection we present results for the alkanes and the perfluoroalkanes, two families of linear molecular chains. Figure 11a shows an R-diagram for ethane, with a localized feature D of a type shown in Fig. 4 , and also found in water [6] . Figures 11a and 11b show as well the point P max , where the maximum value R max was found. Although it was difficult to be certain with our numerical grid search, to the best that we can tell it appears that P max is always on the coexistence curve itself. All of the values for R max reported in our paper are on the dense vapor phase itself. Table 3 (in Appendix 1) adds information about the alkanes and the perfluoroalkanes at P max : temperature T max , pressure p max , and density ρ max . Figure 12a shows R max versus Q for the alkanes, as well as the molecular 
max at P max , and the volume of the molecule v m given in Eq. (14) . Other than for ethane (Q = 8), we clearly have R max much greater than both v and v m , speaking to organized mesoscopic structures in the dense vapor encompassing a number of molecules. We see in addition that beyond the lighter alkanes, v ∼ v m , possibly enabling the collective mechanism of organized rotation we proposed in Fig. 6B . Notice also that R max scales up roughly the same way as v m , speaking to some type of linear structure at the root of the repulsive clusters.
Constrained critical region
Feature D is not an asymptotic critical point property, and its presence constrains the size of the asymptotic critical region. Previously, one of us [4] proved the commensurate R theorem, stating that for a given fluid in the asymptotic critical point region the values of R in the coexisting liquid and vapor phases are strictly equal to each other. Specifically:
with reduced temperature
heat capacity critical exponent α, critical temperature T c , and constant critical point amplitude A. The subscripts "l, v" refer to values of R along the liquid and vapor parts of the coexistence curve, respectively. The evaluation of R in a number of systems (including the ones here) indicate that R is always negative in the asymptotic critical point region. Hence, A is negative, and Eq. (17) is inconsistent with feature D, with it's positive R. Clearly, feature D cannot be in the asymptotic critical point region.
These findings might resolve a long-standing question in critical phenomena: why do fluids typically have such comparatively small asymptotic critical point regions? To quote Stanley [51] : "But even the hand waving arguments do not explain why in some systems scaling holds for only 1 − 2% away from the critical point and in other systems it holds for 30−40% away." If our picture is correct, the truncated fluid asymptotic critical regions could be attributed to feature D, and the formation of its repulsive clusters. This constraining of the critical point region by feature D is shown explicitly in Fig. 12b .
For the ferromagnetic 1D Ising model, R is uniformly negative [52, 53] . If the ferromagnetic 3D Ising model, with a critical point in the same universality class as that of the pure fluid, can be proved likewise to have uniformly negative R, then it would lack any feature D, releasing the constraint on the asymptotic critical region. We add that of the seven fluids in the asymptotic correlation length report we cited [17] following Eq. (8), it turns out that only SF 6 is a Dfluid. The fluids picked in this correlation length study are presumably ones with fairly large asymptotic critical regions.
Conclusion
In our paper, we built on the theme of extending the pure fluid phase diagram beyond the well-known features of the sublimation curve, the melting curve, the boiling curve, and the associated triple and critical points. Previous proposals to extend the phase diagram included the Widom line, the Fisher-Widom line, and the Frenkel line. Our present study was made in the context of the thermodynamic curvature R, where it was proposed previously that curves with R = 0 separate regions dominated by attractive/repulsive intermolecular interactions, R < 0/R > 0, respectively.
Our particular focus here was on regions with positive R in the dense vapor phase, "feature D". Feature D was found to be present in all fluids except those consisting of the simplest molecules. 97/121 of the fluids in the NIST/REFPROP database are Dfluids. The size R max of the maximum R in feature D was found to increase as a power law with the number of atoms Q per molecule. Our identification of the Dfluids, and our connection of R max to molecular complexity are the main results of our paper. In addition, we proposed a mesoscopic model attributing the repulsive interactions producing feature D to correlations among rotating molecules. Such a mechanism might be searched for in computer simulations. We also compared several measures of molecular complexity, and classified molecules according to their spatial dimension d. We found that the acentric factor ω correlates with molecular complexity, but not otherwise with d. In addition, we displayed the strong constriction of the asymptotic fluid critical regime by feature D.
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Appendix 1: fluid tables
This Appendix tabulates fluids with feature D present/absent. Our tables list a number of fluid attributes, and we looked for correlations between all of them. We also looked at the molecular dipole moments, but they showed no clear visual correlation with the other tabulated properties, so we did not tabulate them here. Fluid 
Appendix 2: Statistical methods
In this Appendix, we present supplementary statistical analysis for our graphs. The data shown in Fig. 7 relates the presence/absence of feature D to three possible measures of complexity. Since we have no firm theoretical basis for preferring any one complexity measure to another, we assessed the respective classification strengths of M W , Q, and W i empirically. We calculated the receiver operating characteristic curves (ROC) of the data in Fig.  7 , with the results shown in Figure 13 .
Generally, ROC curves plot the true positive rate against the false positive rate at various threshold settings in the classification model. ROC curves indicate the performances of binary classifiers. Very accurate predictive curves follow the left-hand graph border to the point (0, 1), and then follow the top border of the ROC graph to the point (1, 1), and have area under the curve (AUC) near unity [54] . An ROC curve closely following the 45-degree diagonal line of no-discrimination represents a completely random binary classifier, with no predictive power.
Binomial logistic classification models for each measure were generated in the R statistical programming language [55] , with parameters fit by iteratively reweighted least squares regression. The ROC curves, as well as their AUC's, were computed using the ROCR package [56] . As demonstrated in Figure 13 , all three complexity measures demonstrate excellent classification power for feature D, with the best being Q and W i, as we also concluded from Fig. 7 .
Spearman (ρ) and Pearson (r) correlation coefficients, both of which fall in the range [−1, 1], were calculated to quantify the correlations depicted in figures 8, 9, 10, and 12, with values given in Table 4 . These correlations were computed in the R statistical programming language [55] . The data shown in Figs. 9 and 10 qualitatively demonstrate that the molecular dimension d of a Dfluid does not strongly associate with other Dfluid features. To quantify the strength of these relationships, the intraclass correlation (ICC) for each Dfluid attribute in our paper was calculated using the R package "ICC" [57] . The ICC is an inferential statistic that conveys the relatedness of measurements classifying naturally into groups. An ICC value of 1 indicates that the measurements for each grouping are perfectly similar within a group [58] . An ICC value of 0 (or negative) indicates complete noise. In our analysis, the groups were classified according to their d value, and the measurements were the Dfluid attributes.
As expected, the ICC values shown in Figure 14 Table 1 grouped by the molecular spatial dimension d. For each Dfluid attribute, the intraclass correlation (ICC) with respect to d is calculated, and given above the corresponding box plot. An ICC less than ∼ 0.4 indicates poor similarity for the measurements within a group. Clearly, Dfluid attributes are (at best) very weakly associated with d.
